Major histocompatibility complex (MHC)-restricted recognition of antigen by T lymphocytes involves the formation of a complex composed of the T cell receptor, antigen, and restricting MHC molecule. To elucidate the interactions occurring within the antigen recognition complex, we have evaluated the ability of a panel of cell lines expressing mutated I-A" molecules to function in the recognition by T hybridoma cells of two distinct peptide antigens. Our results indicate that while alterations along the entire length of the proposed helical structure in the carboxyterminal half of the 0, domain interfere with the I-Ak-restricted recognition of human fibrinopeptide B, mutations which affect recognition of hen egg lysozyme/I-Ak fall almost exclusively in the central portion of the helix. On the basis of these and previous results, we propose a "T cell receptor-mediated peptide exchange model" for formation of the antigen recognition complex.
INTRODUCTION
Antigen-specific activation of helper T lymphocytes requires the corecognition by the T cell receptor [TCR14 of the antigen and a specific class II MHC (Ia) molecule (reviewed in (1) ). This "dual-recognition" process has multiple implications for the development and functions of the immune system and has thus been the focus of a large volume of research. A number of models for MHC-restricted antigen recognition have been advanced over the last several years (2) (3) (4) (5) (6) (7) , with the consensus revolving around the idea of a three-membered antigen recognition complex composed of the TCR, antigen, and restricting MHC molecires. The exact relationships among and interactions between these three elements, however, have yet to be detailed, even for a single specific case. Given our present understanding of the structures of certain antigenic peptides (8, 9) and of MHC molecules (lo-12), the elucidation of these relationships is perhaps best approached by focusing on antigen [Ag] and MHC and treating the combination of the two as the ligand for the TCR. Precise definition of such a TCR ligand and the Ag-MHC interaction that forms it would aid considerably our understanding of MHC-restricted antigen recognition.
In the present study, we have used a panel of transfectants expressing I-Ak genes with mutations in the /3, domain to identify amino acid residues in that domain which are important for recognition of two I-Ak-restricted antigens, human fibrinopeptide B [hFPB] and hen egg lysozyme [HEL] . HEL in many ways represents what has come to be thought of as typical of protein antigens: the actual antigen in this case is a peptide fragment, minimally encompassing residues 52-6 1 of the protein, which is produced via intracellular "processing" of HEL by antigen-presenting cells [APC] (13) and has been shown to bind specifically to isolated I-Ak molecules in detergent solution ( 14) and which can be recognized by HEL-specific T cells on APC that have been pulsed with the whole protein or peptide for short periods and washed prior to exposure to the T cells ( 15) . hFPB, on the other hand, will stimulate hFPB-specific T cells only when soluble antigen is present in the T cell-APC coculture and does not appear to bind to I-Ak in the absence of T cells ( 16, 19) but does bind specifically to the TCR on an hFPB-responsive T hybridoma in the absence of Ia (T. R. Esch and D. W. Thomas, manuscript in preparation). Taken together, the two systems represent a range of possibilities concerning the formation of and relationships within the antigen recognition complex of TCR, Ia, and antigen. Since the antigenic fine specificities are known in both cases (9, 17, 18) , defining the critical residues of the I-Ak molecule for recognition of each antigen will greatly clarify our conception of the two TCR ligands.
MATERIALS AND METHODS
Cell lines. The T cell hybridoma 14E6.8.2, specific for hFPB/I-Ak, has been described previously (19) . 3A9, specific for HEL (46-6 1)/I-Ak (13), was a gift from Dr. Paul Allen, Washington University (St. Louis, MO). The B cell hybrid TA3 (20) was a generous gift from Dr. Laurie Glimcher, Harvard University (Boston, MA). Most of the APC lines expressing mutated I-Ak genes have been described previously (2 1); further members of this series were similarly produced and maintained.
Antigens. hFPB (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) was obtained from Bachem (Torrance, CA). HEL (whole protein, Sigma Grade I) was purchased from Sigma (St. Louis, MO).
T cell stimulation assay. T hybridoma cells (5 X 104-2 X 105) were cocultured with APC ( 1 X 104-1 X 1 05) and graded doses of antigen in microtiter wells (total volume 200 ~1) for 24 hr. Triplicate aliquots of supernatant fluids were then removed and frozen for 224 hr at -70°C. CTLL-2 cells (4 X 103) (a generous gift from Dr. David Steinmuller, University of Michigan) were added to thawed supernatant samples to give a final supernatant dilution of 1:2, cultured for 24 hr, and pulsed with 1 pCi[3H]-thymidine for a further 6-12 hr. All wells were then harvested onto glass fiber filters using a Titer-Tek multiwell harvesting device (Skatron), and [3H]thymidine incorporation was assessed by liquid scintillation counting. Each data point presented represents the average cpm incorporated in the triplicate cultures, less the average incorporation measured when no antigen was added to the primary culture.
RESULTS
Expression of mutant I-Ak molecules on APC. The APC used in these experiments were created by transfection of mutant 1-A; genes, produced by site-directed muta- 
Amino acid sequences of the 0, domains of I-A' and I-Ad and the mutants used in the experiments described in this paper. Dashes indicate the presence of amino acid residues corresponding to the wildtype 1-A' molecule.
genesis, along with wild-type 1-A: genes into the B lymphoma line M12.C3, as described previously (2 1). The amino acid sequences of the fi, domains of the wild-type I-Ak and I-Ad molecules are shown in Fig. 1 , along with the sequences of the I-Ak mutants examined. Figure 2 shows the approximate positions of the altered residues within the structure proposed for the I-A molecule ( 12) . The clones used were selected for expression of altered I-Ak at levels similar to those of the B hybridoma TA3, which expresses single copies of the wild-type I-Ak genes (20) . Consistency of expression at this level was verified by flow cytometric analysis of selected APC at intervals during the course of these investigations (data not shown). A clone expressing wild-type IAk CY-and ,&chain genes, designated Tf.A.K, can present both hFPB and HEL to two T hybridomas, 3A9 and 14E6.8.2, which respond to HEL (46-61) and hFPB, respectively, in the context of I-Ak (Fig. 3) , showing that processing (for HEL) and association of antigen with Ia occur normally in such transfectants. Any differences in the abilities of the various APC thus cannot be attributed to differences in Ia density, antigen processing, or any other APC-mediated processes, but should reflect the inherent qualities of the mutant molecules.
Functional analysis of regional mutations using hFPB-and HEL-specific T hybridomas. The polymorphic amino acid residues within the fi, domain of the I-A molecule can be grouped into four polymorphic regions which have been designated . .A. ., . .B. ., . . C . . , and . . D . . ((2 1) see Fig. 1 ). Transfectants expressing I-Ak pchain genes constructed to encode residues characteristic of the I-Ad molecule in one or more of these regions were tested for their ability to function in the antigen-specific responses of 3A9 and 14E6.8.2. Each T hybrid was cultured with graded doses of the appropriate antigen, with each of the cloned transfectants in turn serving as APC. T cell stimulation was then evaluated in terms of secretion of IL-2 into the culture supernatant. Figure 4 shows the dose-response curves exhibited by 3A9 (A) and 14E6.8.2 (B) using TEC, Tf.D, TECD, Tf.BCD, and TA3 as APC. From these results, it appears that the entire carboxy-terminal portion of the /3, domain is critical for recognition of hFPB by 14E6.8.2. In contrast, only the . .B. . and . .C. . regions are essential for recognition of HEL, as the alteration of the entire . . D. . segment has no effect on the response of 3A9.
Functional analysis of single residue changes. The preceding analysis was refined and expanded by examining the functional capacity of 17 APC clones expressing IAk molecules with single amino acid changes in the /3, domain. Nine of these 17 mutants represent changes at polymorphic residues from the k toward the d haplotype; the remainder include changes at these same positions to other amino acids and alterations in nonpolymorphic residues (see Fig. 1 ). Typical dose-response curves using four different APC types with 3A9 and 14E6. ; culture supernatants were then tested for IL-2 content as described above. The degree of stimulation achieved with I-Ak mutated at each position is indicated by shading of the circle at that position in the model structure: (0) T cell stimulation equal to that achieved with cells expressing wild-type I-A' (TA3 or ) a somewhat weaker response, generally reaching a full stimulation at higher antigen concentrations; (0) a weak response, not achieving full IL-2 production even at the highest antigen concentration tested; and (0) a lack of any T cell response at any concentration of antigen. These results are based on three to six independent trials with each antigen-APC-T cell combination.
results of a wide variety of experimental approaches have led to widespread acceptance of the idea that such recognition involves the formation of a complex including, at a minimum, the TCR, restricting MHC molecule, and antigen. Controversy re-mains, however, as to how this complex is formed and, in particular, how its elements relate to one another. In a few systems, notably those utilizing peptide antigens from cytochrome c (8) and hen egg lysozyme (9), the role played by each amino acid residue of the antigen has been examined, allowing at least partial distinction of TCR-contact (epitope) from Ia-contact (agretope) sites on the antigen. Such results provide only a partial description of the ligand recognized by the TCR, and require a parallel analysis of the roles played by residues in the Ia molecule to complete the picture. In this report, we present the first portion of such an analysis, evaluating the relevance of mutations in the p1 domain of I-Ak for presentation of two peptide antigens.
The two antigen recognition systems examined in the experiments described above exhibit several features in common with respect to the role of the Ia molecule, as well as a number of interesting differences. Regions . . B . . and . . C . . of the I-Ak molecule, encompassing residues 63-67 and 75-78, respectively, appear to be critical in the recognition of both hFPB and HEL. In the projected structural model for class II MHC molecules, these regions occupy roughly the middle of the helical section of the p chain (12) . Since any peptide large enough to serve as a T cell antigen would, when placed into the interhelical cleft, almost certainly interact with at least one of these regions, it seems likely that the . . B . . and . . C. . regions should be important for the recognition of any peptide antigen bound in the cleft of the Ia molecule. This is not to say that the critical residues within each region will be the same for all peptides. Changing one of the . . C . . region polymorphic residues, LOUGH, to valine, for example, has much less effect on recognition of HEL than on recognition of hFPB.
In contrast to the role of the . . B. . and + . C. . regions in recognition of both hFPB and HEL (46-6 l), the region designated . . D. . appears to be important only in the hFPB system. The structure of this area is not clear from computer modeling (12) , and it is difficult to predict what conformations may appear in the mutant molecules. The hFPB molecule may interact with I-Ak in a largely extended conformation, requiring either interaction with . . D . . region residues or a gap between the (Y-and the B-chain helices on that end of the cleft, either of which could be destroyed by the mutations examined. The HEL fragment produced by APC processing, on the other hand, may be as short as 10 residues (52-6 1) in a compact a-helical configuration, as proposed by Allen et al. (9) . This comparatively small fragment may not extend far enough down the cleft to involve the . . D. . region at all.
It is of interest that in several cases, the size of the amino acid side chain at a given position appears to be the most important factor, rather than the side chain's charge or hydrophobicity. Thus, changing Leu75 to valine, which has a similarly hydrophobic but slightly larger side chain, impairs recognition of hFPB by 14E6.8.2, and replacing Val'* with alanine abrogates recognition of both hFPB and HEL. Substitutions for Gln64 have more complex effects along the same general lines: replacement with glutamic acid (similar in size, but negatively charged) does not significantly affect recognition of hFPB, but a change to arginine (larger and positively charged) results in loss of function in this system. It should be noted, however, that the inverse of this pattern is observed for the presentation of HEL to 3A9 by these two mutants. Since the side chain of residue 64 appears to be situated on the face of the helix away from the antigen binding cleft, the effects of various substitutions at this point are more likely to reflect TCR-Ia contacts, i.e., alterations in the histotope. Examination of the properties of a more comprehensive set of altered Ia molecules would be necessary to determine if this phenomenon is general in antigen-Ia and/or TCR-Ia interactions.
One potential problem with studies of this type is that the effects of any given mutation on the overall structure of the molecule in question cannot always be reliably predicted. It could thus be argued that any alteration in an Ia molecule which changes its ability to function in presentation of a given antigen may do so as a result of some gross conformational disruption, rather than by modifying a specific Ag-Ia or TCR-Ia interaction. Our characterization of the recognition of two distinct antigens bypasses this objection in many cases by virtue of the fact that many mutant Ia species which function poorly in recognition of one antigen show normal function with the other. For example, Tf.64 (Gln64 + Glu) is completely unable to present HEL to 3A9, but functions normally in recognition of hFPB, indicating that the molecule is present in a functional form which simply lacks the necessary contacts for the HEL/ 3A9 system. There are, of course, some instances in which significant conformational effects would be expected (e.g., TELD3, Gln64 + Pro) and in which loss of function is in fact observed, and other cases which show loss of function with both antigens, where this line of reasoning does not hold, although the results of antibody binding studies using these transfectants are in most cases not consistent with significant conformational changes (21) . The instances in which neither of these observations applies are few in number and have little impact upon our primary conclusions.
The hypothetical structure for class II MHC molecules has been used as the basis for modeling the binding of HEL (52-61) within the cleft between the aI-and PIdomain helices ( 12) . Although the experimental results described above do not provide a rigorous test of these models, certain of our observations may be of interest in this regard. The apparent importance of size, rather than charge or hydrophobicity, of amino acid side chains in the I-Ak molecule may be relevant to the interaction proposed in one of the HEL (52-6 1) binding models between Asp52 of the HEL peptide and Arg" of the I-Ak & helix. As demonstrated above, changing Arg7' to lysine, which also possesses a large, positively charged side chain, abolishes the ability of the molecule to present HEL. Although this result might also reflect a necessary TCR interaction site, it tends to favor a model for binding of the HEL peptide which does not require a charged-pair interaction involving that particular position in the Ia molecule. A second point of particular interest is the hydrophobic interaction area postulated in both of the models for binding of HEL (52-61) to I-Ak, involving Ile5' of the HEL peptide and Phe2'j and Gly@j of the (Y~ domain. Our results indicate that Val" of the I-Ak @I domain is critical for presentation of HEL to 3A9. This side chain, predicted to point into the antigen binding cleft, would appear to be involved in a hydrophobic Ag-Ia interaction, possibly with Ile5' of the HEL peptide, rather than in a direct contact with the TCR. The change from valine (k haplotype) to alanine (d haplotype) could weaken such an interaction and contribute to the inability of the IAd molecule to bind HEL (52-6 1) (16). The lesser effect observed in the presentation of HEL by Tf.75 (changing Leu75 to valine) may have a similar basis. These residues may be part of a general hydrophobic interaction site, extending across the interhelical cleft, which interfaces with the hydrophobic segments common to most peptides which are antigenic for T cells (23) and to peptides which bind to isolated Ia molecules (24) . Such an interaction site, varying subtly among haplotypes, could be at least partially responsible for the broad specificities observed for antigen-Ia interactions.
The data presented above, indicating that hFPB may occupy the putative antigenbinding cleft of the I-Ak molecule, must be reconciled with our previous observation that I-Ak expressing APC pulsed with hFPB in the absence of T cells cannot subse-quently stimulate 14E6.8.2 (19) and the fact that hFPB does not bind to isolated IAk (16) . To explain the requirement for T cell mediation of the hFPB-I-Ak association, we propose that interaction of the TCR with Ia mediates or facilitates the movement of peptides into and out of the interhelical cleft in the Ia molecule. If the bound peptide has no affinity for the TCR, it can dissociate from the TCR-Ia complex, allowing another peptide to bind. If, on the other hand, the original occupant of the cleft is the "correct" antigen for the TCR, its avidity for the TCR-Ia complex will result in its retention and binding to the complex, potentially leading to activation of the T cell. This TCR-mediated peptide exchange mechanism may also facilitate binding of peptides to previously unoccupied Ia binding clefts, if such species exist on the cell surface. Peptides may be made available for the exchange process via preliminary association with accessory structures on the APC surface (25, 26) or, in the case of hFPB, with the TCR itself. In this regard, we have found that synthetic HEL (46-6 1) peptide, which binds rather strongly to isolated I-Ak ( 14, 16) , nevertheless is unable to specifically interfere with the I-Ak-restricted presentation of hFPB to 14E6.8.2, even at 30-fold molar excess (T. R. Esch, unpublished results). This result is consistent with the TCR-mediated peptide exchange model described above. Antigenic peptides which have been found to bind to isolated Ia presumably are able to displace previously bound peptides by some T cell-independent mechanism which is ineffective for hFPB. The slow association rates found for these interactions, however, support the notion that functionally effective peptide binding to Ia may require either an active mechanism on the APC surface or a T-cell mediated process such as the peptide exchange mechanism proposed above to increase the rate of antigen-Ia complex formation into the range of potential physiological relevance. The extension of the exchange process to a cellular scale may thus help resolve the problems presented by the combination of a relatively short cell surface half-life for Ia molecules (27) , slow peptide-Ia dissociation rates (28) , and binding of self-derived peptides to Ia (16, 29) . To further define this process, we are currently examining the effects of mutations in the I-Ak molecule on the binding of hFPB to its TCR and consequent formation of potential antigen recognition complexes.
